Purpose Evaluation of tumor targeting pegylated EphA2 peptide coated nanoparticles (ENDDs) of a novel anticancer agent DIM-C-pPhC 6 H 5 (DIM-P) and Docetaxel (DOC) and investigate its antitumor activity and potential for treatment of lung cancer. Methods Nanoparticles were prepared with DIM-P and DOC (NDDs) using Nano-DeBEE. ENDDs were prepared by conjugating NDDs with 6His-PEG2K-EphA2 peptide and characterized for physicochemical properties, binding assay, cytotoxicity, cellular uptake studies, drug release and pharmacokinetic parameters. Anti-tumor activity of ENDDs was evaluated using a metastatic H1650 and orthotopic A549 tumor models in nude mice and tumor tissue were analyzed by RT-PCR and immunohistochemistry. Results Particle size and entrapment efficiency of ENDDs were 197±21 nm and 95±2%. ENDDs showed 32.5±3.5% more cellular uptake than NDDs in tumor cells. ENDDs showed 23± 3% and 26±4% more tumor reduction compared to NDDs in metastatic and orthotopic tumor models, respectively. In-vivo imaging studies using the Care stream MX FX Pro system showed (p<0.001) 40-60 fold higher flux for ENDDs compared to NDDs at tumor site. Conclusions The results emanating from these studies demonstrate anti-cancer potential of DIM-P and the role of ENDDs as effective tumor targeting drug delivery systems for lung cancer treatment.
ABBREVIATIONS

DIM-P
DIM-C-pPhC 6 H 5 Doc Docetaxel DOGS-NTA-Ni 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl) imidodiacetic acid) succinyl nickel salt] DSC Differential Scanning Colorimetry ENDDs EphA2 peptide coated nanoparticles His Histidine Nano-luc Luciferin containing NDDs Nano-luc-EphA2 Luciferin containing ENDDs NCs Nanolipidcarriers NDDs Nanoparticles with DIM-P and NDi Nanoparticles with DIM-P NDo Nanoparticles with Doc NSCLC non small cell lung cancer PEG2K Polyethylene Glycol (2,000 daltons) TPGS D-alpha tocopheryl polyethylene glycol 1,000 succinate
INTRODUCTION
Despite an increased understanding of the pathogenetic mechanisms underlying lung cancer and the advent of several new chemotherapeutic regimens, the success rate in the treatment of NSCLC is not impressive (1) . Conventional treatments (surgical resection, radiation, and chemotherapy) are not satisfactory based on survival rate of cancer patients. Despite recent advances in chemotherapy, current therapeutic options are relatively ineffective (survival rates in NSCLC remain <50% and an advanced stage IV cancer patient has a survival rate of <20%) (2) . Systemic or oral drug deliveries are not often successful due to a limited amount of the anticancer drug reaches the lung tumor site and administering a high dose of anticancer drug is associated with adverse side effects (3) . Therefore, site-specific targeted delivery of anticancer drugs to the tumor site is the most crucial step for effectively treating lung cancer and increasing the survival rate in patients. Studies conducted in our and other laboratories have shown that DIM-P, a PPAR-γ agonist induces antitumor effects in variety of cancer types including lung cancer with minimal or no toxicity (4) (5) (6) (7) (8) . Doc is an anti-microtubular firstline chemotherapeutic agent in treatment of NSCLC (9) . Our preliminary data strongly demonstrates that DIM-P in combination with Doc exerts synergistic (in vitro) and additive (In vivo) anticancer activity against lung cancer. The combination effects involve activation of growth inhibitory and proapoptotic proteins and inhibition of anti-apoptotic proteins (5) . Standard Chemotherapy consists of a combination of two anticancer drugs, generally cisplatin or carboplatin and paclitaxel or gemcitabine or Doc (1, 10) and most of these agents show several adverse side effects (2) . Doc is a semisynthetic taxoid derived from 10-deacetyl bacatin III which stabilize microtubule by promoting the assembly of microtubules and inhibiting the depolymerization of tubulin. Doc showed potent anticancer activity as a single agent or in combination therapy with cisplatin in advanced NSCLC (9) . Marketed pharmaceutical formulations used Cremophor EL and Tween 80 (combined with ethanol) as vehicles for paclitaxel and Doc administration, which have several adverse effects (11, 12) . Nanotechnology-based formulations such as polymer conjugates, polymeric micelles, liposomes, or nanoparticles e.g. Abraxane (13, 14) and chitosan oligomer colloidal carriers (15) have been studied to overcome problems associated with conventional formulations. Another approach is to employ a tumor-specific ligand for more specific recognition of and interaction with cancer cells and reduce the side effects of drugs on normal cells. Therefore, to improve clinical use of Doc, there is need for development of actively targeted nanotechnology based formulations.
Lipid nanoparticles are emerging drug carrier system for treatment of cancer (16) . Development of a stable biodegradable targeted nanoparticle based delivery system which simultaneously delivers synergistically acting DIM-P and Doc locoregionally to lung tumor cells exerting significant antitumor activity with minimizing Doc toxicity will be beneficial for treatment of lung cancer and lung metastases. Furthermore, selective targeting of this delivery system to EphA2 receptor over-expressing lung tumor cells will significantly enhance effectiveness of this approach. Several other researchers have also shown overexpression of EphA2 receptor in different tumor cells (17) (18) (19) (20) . An Eph family receptor tyrosine kinase (RTK) and ephrin ligands have been linked to many types of cancers, including glioblastoma, melanoma, breast, colorectal, bladder, NSCLC, prostate and ovarian carcinomas (21) (22) (23) (24) .
Along with EphA2, ephrinA1 are responsible for the development and continuation of many different tumors (19) . Moreover, the level of EphA2 expression correlates with tumor malignancy and poor patient survival (21, 23) . Recent studies suggests strong involvement of EphA2 expression in tumorigenesis, including metastasis, angiogenesis, and invasion (25, 26) .The role of EphA2/ephrinA1 in tumorigenesis/ progression is multifaceted and depends on variables such as cell type and microenvironment. These involves the expression of the EphA2, signaling pathways and the effect of the signaling on the tumor cells. Due to EphA2/ephrinA1 expression and diversified functions, they are widely studied for their involvement with tumorigenesis, angiogenesis and metastasis etc. The EphA2 overexpression is found to be involved in malignancy in a non-tyrosine-phosphorylated state (27) , where as hyper-phosphorylation and constitutive activation are common traits for RTKs to involve in tumorigenesis. Also, the phosphorylation-independent effects of EphA2 with the cytoplasmic domain plays a role in tumorigenesis (19) . Targeted nanoparticles can incorporate multiple functions into the particles and have tremendous potential to improve the current clinical paradigms of cancer therapeutics (13, 14) . An approach for targeting EphA2 expressing tumor cells includes use of Eph specific antibody and antagonistic peptides that display selective binding. Recently, a polypeptide (GGGGYSAYPDSVPMMSK) was used as a targeting ligand to deliver magnetic nanoparticles selectively to ovarian cancer cells overexpressing EphA2 receptors (28) . The center of the peptide [YSAYPDSVPMMS (YSA)] was found to bind specifically to EphA2 receptor using the YPDSVP region by mimicking as an ephrin (29) . Also, targeting to EphA2 receptor over-expressing prostate (30) and ovarian (31) cancers has been studied using monoclonal antibodies which demonstrated inhibition of growth, migration and invasiveness. The delivery of drugs containing nanoparticles targeting EphA2 receptor for treatment of lung cancer has not been investigated. The objective of this study is to develop Epha2 receptor targeted delivery system of DIM-P and Doc based on nanotechnology for the treatment of lung cancer (Fig. 1) . The results from these studies will allow translating this combination to the cancer patients with improved clinical outcome.
MATERIALS AND METHODS
Materials
DIM-P was synthesized as described previously (32) 
Preparation and Optimization of NDi, NDo & NDDs
Nano-lipid carriers (NCs) were prepared by modified hot melt homogenization (33) using triglycerides and optimized process variables. Briefly, DIM-P and Doc were dispersed in organic solvent. To the resultant organic phase miglyol or mixture of transcutol & miglyol (1:1) and DOGS-NTA-Ni were added and organic solvent was evaporated. To this, a mixture of gleol and monosteol (4:3) were added. An aqueous phase consisting of Lutrol® F68 (1% w/w), and span 80 (0.5% w/w) in distilled water was added to lipid phase under high speed mixing (20,000 rpm for 15 min) followed by passing through Nano DeBee®(BEE International, Inc, MA, USA) at 20,000-30,000 psi for 3 to 5 cycles. NCs for imaging were prepared by adding DID dye to organic phase during the preparation NCs. Similarly, for in-vivo animal imaging, Dluciferin loaded NCs for bioluminescent imaging were prepared.
Factors such as lipid to oil ratio, drug loading and homogenization time were optimized to get nanoparticles of desired characterization parameters, such as particle size, polydispersity index (PDI), zeta potential and encapsulation efficiency. The Nicomp 380 ZLS (Particle Sizing Systems, Port Richey, FL) was used to measure particle size and zeta potential of NDs or ENDDs. The drug loading and entrapment efficiency were determined as reported earlier (33) .
Formulations were lyophilized at −70°C and 100 milliTorr vacuum pressure (SMART Freeze Drying, FTS Systems, SP Scientific, USA) using different cryoprotectants (trehalose, mannitol and sucrose) and trehalose was selected. Formulations were lyophilized using 5% w/v trehalose (cryoprotectant) and viscosity of the NDDs formulations were adjusted to 2.5-3 cP by resuspending the lyophilized formulation in Vitamin E TPGS (2%) aqueous sterile solution prior to use.
Preparation of ENDDs
To prepare ENDDs, 200 μl of NDDs were mixed with 50 μl of 6-Histidine -tagged PEGylated (PEG-2000) EphA2 peptide aqueous solution (5 mg/ml) and incubated for 60 min at room temperature. The free peptide was separated using a Spin-OUT column (molecular weight cut off of 10,000 Da, Geno Technology Inc., USA).
In-Vitro Characterization
In-vitro drug release of DIM-P solution, Doc solution, NDi, NDo, NDDs and ENDDs were carried out as described previously (34) using phosphate buffer saline (PBS) containing 2.5% w/v Volpo-20 & 2.5% TPGS as dissolution medium. At different time points, sample was collected and amount of DIM-P and Doc released was determined using HPLC. The interaction of DIM-P and Doc with lipids and association of DIM-P and Doc in NDs formulations were determined using a DSCQ100 (TA instrument, DE) (34) . Freeze-dry NDDs were stored at 4°C and also at room temperature (mean temperature being 25.7±0.6°C) for three month. Aliquots were removed after intervals of time and analyzed for particle size, entrapment efficiency, release rate and DIM-P content by methods mentioned above. The slope of the log percent DIM-P and Doc remaining vs time plot curve was used to determine degradation rate constant (K) using Eq. (1).
Slop ¼ k=2:303 ð1Þ
Where, K is the degradation rate constant.
In-Vitro Analysis a) Binding assay: The binding assay was carried out as reported (35) to determine the peptide to DOGS-NTANi ratio. b) Cytotoxicity: In-vitro cytotoxicity of DIM-P and Doc formulation was carried out in A549 cell lines using crystal violet dye assay as reported (5) . Briefly, 10 4 cells/well were plated in 96 well plate and treated with different concentration of DIM-P, Doc, NDi, NDo, NDDs and YSA peptide. After 72 h cells were washed with PBS and cell viability was measured by crystal violet assay. c) Cellular Uptake study: Internalization of the ENDDs formulations was studied by incubating ENDDs and negative controls (NDDs) with A549 cells for 2 h at 37°C followed by washing to remove unbound NCs. The associated fluorescence was evaluated by microscopy.
Pharmacokinetic Analysis of NDs
Pharmacokinetics of DIM-P and Doc in BALB/c mice were determined following I.V. administration of NDi, NDo, NDDs & ENDDs (DIM-P equivalent to 5.0 mg/kg, Doc equivalent to 10.0 mg/kg). Animals were randomly distributed into experimental groups (n=6) and fasted overnight prior to experiment. Blood samples (250 μL) were collected by heart puncture at the following time points: 0, 0.017, 0.25, 0.5, 0.75, 1, 3, 6, 8, 12 and 24 h. Samples were processed and extracted drug was analyzed by HPLC analysis (36) . Briefly, DIM-P was separated from plasma by protein precipitation using acetonitrile and samples were centrifuged for 15 min at 10,000 g. Sample was run on a mobile phase consisting of acetonitrile and water (90:10% v/v) using a Waters Symmetry® C18 guard column (5 μm, 3.9×20 mm) and a Waters Symmetry® C18 column (5 μm, 4.6×250 mm) at a flow rate of 1.0 mL/min and DIM-P was monitored at 242 nm. Pharmacokinetic parameters were calculated using non-compartmental techniques with WinNonlin® 5.0 software (Pharsight Corporation, Mountain View, CA, USA).
In Vivo Anticancer Evaluation in Lung Cancer Models
To evaluate in-vivo anticancer activity of ENDDs, orthotopic A549 cell tumor model (5) was developed as reported earlier and H1650 cells were injected via tail vein to develop the metastatic tumor model (33) . Ten days after tumor implantation, mice were randomly divided into the following groups (n=10) to receive various DIM-P and Doc formulations; A) control group received vehicle (placebo ENDDs); B) NDi (DIM-P equivalent of 5 mg/kg) every fifth day; C) NDo (Doc equivalent of 2 mg/kg) every fifth day; D) NDDs (DIM-P equivalent of 5 mg/kg and Doc equivalent of 2 mg/kg) every fifth day; E) ENDDs (DIM-P equivalent of 5 mg/kg and Doc equivalent of 2 mg/kg) every fifth day. After 28 days, all animals were sacrificed and tumor tissues with lung were collected. The lung weights and tumor volume were used for assessment of the therapeutic activity. Some of the tumors were fixed in formalin and some were rapidly frozen in liquid Nitrogen and stored in -80°C for RT-PCR analysis.
RT-PCR Analysis
Total RNA was extracted from tumor tissue using RNeasy kit followed by conversion to complementary DNA using qPCR Mastermix as per the manufacturer's protocol. An ABI 7300 RT-PCR (Applied Biosystems, Carlsbad, CA, USA) was used for amplification and a PCR array data analysis software (SABiosciences, Valencia, CA, USA) was used to determine changes in the mRNA levels of PARP, caspases, Bcl-2, Bax, BAD, Mcl-1, survivin, NF-κB and β-actin as a control.
In-Vivo Imaging of Tumors and Tracking of NDDs & ENDDs
Imaging of tumors and tracking of NDDs & ENDDs was performed using Carestream In-Vivo MS FX PRO using bioluminescence imaging, which is based on the introduction and expression of a gene construct to produce a protein "luciferase", using 4T1-luc2 orthotopic tumor model. 
Statistical Analysis
Analyzed data were represented as mean ± standard deviations (SD) and model parameters as estimates with ± standard errors (SE). Significance between two groups was measured by student's t test and between three or more groups by one-way variance analysis (ANOVA); data were explored for two-way ANOVA analyses where applicable. Probability (p) values< 0.05 were considered significant. All statistical analyses were performed using GraphPad Prism® 5.0 software (San Diego, CA).
RESULTS
Preparation and Optimization of NDDs
The different ratio of lipid to oil had a significant impact in the formulation of NDDs (Table I ). The decrease in lipid concentration led to significant reduction in the particle size and PDI but an increase in the encapsulation efficiency was observed. Furthermore, it was observed that encapsulation efficiency was decreased with reduction in oil concentration. The effect of drug loading on the physicochemical properties of NDDs is shown in Table II . The increase in the drug loading was related to decrease in encapsulation efficiency with increases in the particle size and PDI. Homogenization pressure/cycle was considered as an important parameter for optimization of the nanoparticle. As shown in Table III , a significant decrease (p<0.05) in the particle size was observed with increase in the pressure with simultaneous decrease in the encapsulation efficiency. Final formulation used for in-vivo study is shown in Table S1 .
For longer storage and stability the prepared NDDs were freeze dryed. Preliminary screening experiments were carried out using different cryo-protectants and trehalose was found to be most optimum in maintaining the original properties of formulations. The ratio of the particle size after and before freeze drying was found to be about 1. Which indicates that there is non-significant change upon reconstitution of formulations. Also, the freeze dried cake formed was fluffy in nature and easily redispersible in less than 30 s.
Preparation and Characterization of ENDDs
The ENDDS formulation prepared using triglycerides had a particle size of 190±17 nm and polydispersity of 0.21±0.06. The zeta potential of ENDDs formulations in distilled water was −27.38 ± 2.98. The total DIM-P and Doc content assay results indicated that The desired values are represented in bold The desired values are represented in bold The desired values are represented in bold approximately 4.72±0.3 mg/ml of DIM-P and 1.87± 0.1 mg/ml of Doc was present in the ENDDs formulation.
The entrapment efficiency (EE) of formulations was more than 95%. In-Vitro Characterization USP dissolution apparatus was used to evaluate in-vitro release of DIM-P and Doc from nanoparticle formulations. We used 2.5% w/v Volpo-20 and 2.5% w/v TPGS in phosphate buffer as a dissolution medium to maintain the sink conditions based on the solubility of DIM-P and Doc. At initial 8 h, NDDs formulation released 8% of DIM-P and 46% after 24 h. At the end of 72 h, total of >95% of DIM-P was released from NDDs formulation. There was non-statistical difference between release of DIM-P from NDDs and ENDDs. Figure 2 reveals the in vitro drug release profiles of Doc from NDDs and ENDDs sustained the drug release with 45% of drug in 24 h. The NDDs and ENDDs formulations were able to release the DIM-P and Doc in controlled manner and more than 95% of drug was released after 72 h (Fig. 2) . The DSC thermograms of DIM-P, Doc, and NDDs are represented in Fig. 3 . For the free DIM-P and Doc, the thermogram revealed a small, clear event at about 250°C and 170°C (Fig. 3) , a characteristic crystalline form melting peak. The DSC thermogram of gleol and monosteol showed a sharp endothermic peak at about 63°C. Furthermore, the thermal analysis of NDs formulation also showed disappearance of sharp DIM-P/Doc endothermic peak (Fig. 3) . The main advantage of NDs nanoparticle is presence of oil which helps to hold higher amount of drug and stabilize the nanoparticles. Freeze dried NDDs were found to be stable and there were no significant changes observed in the encapsulation efficiency, particle size and PDI before and after storage of 3 months at 4°C and at room temperature.
In-Vitro Analysis a) Binding assay: The binding affinity of peptide to DOGS-NTA-Ni was evaluated at different amounts (6.25 μg, 12.5 μg, 25 μg and 50 μg) of EphA2 peptide (Fig S1) . With increase in EphA2 peptide (25 μg) the shift in fluorescence intensity was increased more than 80 times and further increase in EphA2 peptide concentration was not significantly increasing the shift in fluorescence intensity. On the other hand, incubation of ENDDs prepared without DOGS-NTA-Ni spacer at any concentration of EphA2 peptide did not show any fluorescence shift. b) Cytotoxicity: The DIM-P and Doc showed IC50 value of 6.8 and 0.02 μM against A549 cells respectively. The NDi, NDo, showed comparable IC50 value to DIM-P and Doc with no statistical differences (p>0.05) against A549 cells, suggesting that DIM-P and Doc was still active when entrapped in nanoparticles (Table IV) . The NDDs showed decrease in IC50 value to DIM-P and Doc with statistical differences (p>0.05) against A549 cells, suggesting that DIM-P and Doc was acting synergistically when entrapped in ENDDs.
The placebo NDs showed >98% viability of A549 cells demonstrating non-toxicity and safety of excipients used in development of nanoparticle system. Also, we monitored the cytotoxicity of YSA peptide and Blank ENDDs and cell viability was more than 90% at 300 um concentration. c) Cellular Uptake study: The cellular uptake studies showed the effective internalization of NDDs and ENDDs within A549 cells in 2 h (Fig. 4) . The intensity of fluorescence was significantly lower by 4 fold in case of NDDs as compared to ENDDs. 
Pharmacokinetic Analysis of NDDs and ENDDs
The plasma pharmacokinetic of DIM-P solution, NDDs and ENDDs following intravenous administration are shown in Fig. 5 . The plasma concentrations of DIM-P declined in a biphasic manner. The plasma drug-concentration profile following i.v. administration of DIM-P solution showed less than 2 h apparent distributional phase followed by prolonged disposition through the sampling times. However, NDDs and ENDDs plasma concentrations declined slowly compared to that of DIM-P. The primary and secondary parameters estimated following i.v. administration are shown in Table V . Based on the parameters obtained, it was obvious that nanoparticle formulations altered the pharmacokinetics of DIM-P.
In Vivo Anticancer Evaluation in Lung Cancer Models
After ten days of tumor inoculation, the average lung weight and tumor volume were 245 ± 15.89 mg and 215 ± 21.48 mm 3 , respectively. Treatment was started ten days after tumor implantation and continued for a total of 35 days. The results (Fig. 6) showed that orthotopic A549 lung tumor weights were significantly (*, p<0.001) decreased after treatment with ENDDs compared to NDDs. Lung tumor volume reduction (Fig. 6 ) in mice treated with NDDs and ENDDs were 51.8±4.3 and 79.7±6.1% respectively. ENDDs treatment showed a significant (*, p<0.001) decrease in average number of tumor nodules in central, mid and peripheral regions compared to NDDs and control groups. A nonsignificant (p>0.05) change in average number of tumor nodules was observed among central, mid and peripheral regions of harvested lungs from each treated groups. We did not observe any weight loss or other signs of toxicity in mice treated with NDDs and ENDDs (Fig. 6) . Also, the anticancer activity of DIM-P and Doc as NDDs and ENDDs in female athymic nude mice bearing H1650 metastatic lung tumors showed similar results (Fig. 7) . Also, we analyzed wet to dry lung weight ratio (WDR) as to measure the lung edema (33) . The WDR of 5.63±0.71 and 5.20±0.35 was found in the tumor bearing mice treated with ENDDs and NDDs. In the non-tumor bearing mice treated with ENDDs the WDR was 4.62±0.56. The treatment groups showed non-significant (p>0.05) difference in the WDR. Also, normal mice have a WDR in the range of 4 to 6.5 and in case of severe lung edema a value increases significantly (>6.5) (33). Thus these results confirm the lack of non-statistical difference in edema formation as a result of EphA2 activation in treatment group.
Real-Time PCR Analysis
The relative mRNA levels for PARP, caspases, Bcl-2, Bax, BAD, Mcl-1, survivin, NF-κB from formulations NDs; NDDs; and ENDDs are illustrated in Tables VI and S1 . The expression trend for the proapoptotic, apoptotic and cell survival markers was the same as observed for immunohistochemistry. NDDs and ENDDs treatment significantly (p<0.05) decreased PARP expression to 0.36 and 0.58-fold in regressed tumor samples compared to controls groups respectively. In regressed tumors, the ENDDs (p<0.001) and NDDs (p<0.01) significantly increased Cleaved Caspases -3 expression to 0.8, and 0.4-fold, respectively (Table VI) . ENDDs treatment showed increased Bax protein expression significantly (p<0.05) to 0.58-fold compared to 0.32-fold NDDs (p<0.01) respectively of controls in regressed tumors (Table VI) . The NDDs & ENDDs decreased Bcl2 and Mcl-1 expression significantly (p<0.001) compared to tumors harvested from control group (Table VI) . NDDs and ENDDs treatment significantly (p<0.05) decreased survivin expression in regressed tumor samples compared to control groups respectively (Table VI) . Similarly, NF-κB mRNA expression was decreased in the treatment groups.
In-Vivo Imaging of Tumors and Tracking of NDDs and ENDDs
In-vivo imaging of tumors and tracking of NDs was performed using luciferase system (NDDs/ENDDs) with Carestream InVivo MS FX PRO. In-vivo imaging following exposure of NDDs/ENDDs demonstrated their targeting to the tumors (Fig. 8) , where the ENDDs were found to be migrating more to tumors with total radiant efficiency polymeric, metallic, ceramic or viral nanoparticles, micelles, and carbon nanotubes. Efforts are ongoing to improve the clinical response by using synergistically acting drugs in cancer patients. The receptor specific targeted delivery of combination drugs using nanotechnology based formulations is essential to improve the clinical outcome for lung cancer. In this study, we have developed a novel theranostic approach for treatment and imaging of lung cancer using targeted multifunctional ENDDs and is the first report of combining two anticancer agents in a nanoparticle which are targeted to the Epha2 receptor on lung tumor cells. The NDs formulations were formulated using different lipids and surface of NDDs was modified using specific groups like DOGS-NTA. Thus, we have utilized a rational approach in designing stable and multifunctional NDs and evaluated its efficacy against lung cancer.
The in-vitro analysis showed that optimizes NDDs were< 200 nm in size and released the drug content (DIM-P/Doc) by zero order kinetics from NDDs. Also, cytotoxicity analysis showed >98% viability of A549 cells with placebo NDs/ ENDDs showing non-toxicity of the excipient used in the preparation of formulations.
Followed by in-vitro analysis of NDDs treatment, the efficacy of NDs as a single therapeutic agent and in combination with Doc (NDDs) against lung tumors was evaluated. In the present study, the delivery of NDDs [5 mg/kg DIM-P equivalent and Doc (2 mg/kg)] showed significant (p<0.01) reduction in tumor growth compared to the single agent treatment (Fig. 8) . The ENDDs further improved the effectiveness due to targeted delivery of ENDDs and significant (p<0.01) inhibition of lung tumor growth compared to control and NDDs. It is likely that other tumor types can be similarly targeted, because other researchers have shown other types of tumors can be targeted using EphA2 peptide (29, 30) . Consistent with anti-tumor activity, DIM-P/Doc bio-distribution studies demonstrated that ENDDs provided a significant increase in the amount of drug delivered to the tumor compared with administration of free DIM-P/Doc. ENDDs prolonged the halflife of DIM-P, as shown by pharmacokinetic analysis which was substantiated by imaging of ENDDs in vivo. The PEGylation of ENDDs is most likely responsible for this, since its hydrophilicity, flexibility, and neutral charge in biological fluids helps in their dispersion and increases their blood circulation times (37) (38) (39) (40) . There is no statistically significant difference between NDDs and ENDDs in term of pharmacokinetic half-life (circulation of drug in blood). Since, EphA2 is highly overexpressed in tumor cells, in tumor bearing mice, the targeting becomes more apparent as we see in our pharmacodynamic studies. Thus ENDDs is targeting the tumor cells via EphA2 targeting.
The tumor targeting and tumor tissue penetration traits of ENDDs most likely reasons for enhanced anti-tumor activity. ENDDs selectively bind to EphA2 due to YSA peptide on (43) showed dosedependent killing of cancer cells by conjugating an exotoxin to the natural EphA2 ligand. Alternatively, Jackson et al (44) developed an EphA2 monoclonal antibody conjugate to target tumors expressing high levels of EphA2. Similarly, Wamg et al (45) showed effective targeting of YSA-paclitaxel conjugate to prostate cancer. However, protein-based therapeutic strategies still have the drawbacks (e.g. immunogenic or allergic responses). Thus, it is advantageous to use peptide that selectively bind to EphA2 and use its ability to mediate internalization (46) . The normal tissues have low EphA2 expression compare to tumor tissues and based on our bio-distribution data, the use of the YSA peptide for drug delivery may reduce toxic side-effects by reducing exposure of cytotoxic drugs to normal cells.
Previous in vitro studies with A549 and H460 lung cancer cells in our laboratory demonstrated that the combination of DIM-P + Doc synergistically or additively induced apoptosis and several proapoptotic proteins. Moreover, Ichite et al (5) , in vivo studies, using Doc (i.v. bolus 10 mg/kg) and DIM-P (40 mg/kg) three times weekly by oral gavage showed that both compounds alone and in the combination induced apoptosis and decreased lung weights (compared to vehicle control). Previous studies with DIM-P and related C-substituted DIMs demonstrated that these compounds induce multiple pro-apoptotic responses that activate the intrinsic and extrinsic pathways. In addition other proteins such as cyclin D1 and the estrogen receptor are downregulated by c-substituted DIM through activation of the proteasome pathway. Further, C-substituted DIMs also enhance or modulate phosphorylation of several kinases including JNK. Result of our in vivo studies demonstrate that NDs, NDDs and ENDDs treatment induce proapototic (Bax) or decrease survival (survivin, Akt and Mcl-1) proteins and this was also accompanied by downregulation of Bcl2 (Table VI) . Ichite et al reported reduction in VEGF and CD31 expression in A549 lung orthotropic tumors treated with combination of DIM-P and Doc (47) . Similarly, We observed decreased expression of VEGF in lung tumors from mice treated with ENDDs compared to those treated with NDs and NDDs or control in regressed tumors.
In the tumor tissue, the molecular changes as a result of anticancer therapy usually happens before any anatomical changes can be detected. Thus, some researchers have used non-invasive imaging of EphA2 expression (highly expressed in tumors) as a means to measure anti-EphA2 cancer therapy. Cai et al. (48) used humanized monoclonal antibody (ICI) conjugated to 64Cu through DOTA for quantitative radioimmunoPET imaging of EphA2 in tumors. Similar to Cai et al., Scarberry et al. (28) used YSA peptide conjugated magnetic iron oxide nanoparticle for ovarian cancer imaging and removal of metastatic cancer cells from the fluid of the abdominal cavity or circulatory system. We used whole body imaging using a bioluminescent system (luciferin) and NIR flourescent (Xenolight DiR) instead of DIM-P to ascertain feasibility of ENDDs as diagnostic tool for possible theranostic application. In-vivo imaging using bioluminescent system with ENDDs showed local concentration of ENDDs at tumors was almost 60 fold higher than NDDs in terms of radiant efficiency flux. Furthermore, we were able to monitor the effect of therapy at molecular level and quantify flux intensity. These results shows the possible theranostic application of ENDDs in management of lung cancer treatment.
CONCLUSION
In summary, a tumor targeted stable nano-carrier was effectively developed for delivery of DIM-P and Doc. Our results suggest that the efficacy of DIM-P and Doc was enhanced with use of ENDDs compared to non-targeted NDDs and single agent NDs formulations. In addition, our approach of using ENDDs for delivery of DIM-P & Doc could overcome the PK limitations and reduce toxicities of Doc, while improving the therapeutic outcome of lung cancer treatment. Our in vitro and in vivo results demonstrate that ENDDs inhibits tumor growth by multiple pathways. Using NIR fluorescent and bioluminescent in vivo imaging, we were able to track and evaluate the targetability of ENDDs to lung tumors.
